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The electronic structures, dipole moment, and optical properties of La-doped, Mn-doped, and La-Mn-
doped anatase TiO2 have been investigated by means of GGA þ U ﬁrst-principles method, showing
that the absorption coefﬁcients of the La-Mn-doped TiO2 under visible light to be sensitive to the doping
positions of La and Mn atoms. La-Mn-TiO2(1) exhibits the largest absorption coefﬁcient in visible light
because of the smallest band gap. Additionally, for the La and Mn co-doped TiO2, the large dipole
moment of TiO6 octahedron is in prejudice of enhancing the optical responses under the visible light. We
successfully probe the interesting optical response mechanism in this work.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Due to the interesting demand for the environmental account-
ability and energy conversion [1], titanium dioxide (TiO2) was
continuously attracting substantial research in solar cells, lithium-
ion batteries, purifying water, photolysis of water and optical
degradation of organic compound [2e6] because of its strong
oxidizing power, cost effectiveness, long term stability, and high
catalytic activity [7,8]. However, it had large electronic band gaps of
3.0e3.2 eV [9], which limited its optical absorption in the ultravi-
olet (UV) region of the solar spectrum. However, the UV light only
accounted for less than 5% of the entire solar energy [10]. Although
TiO2 was even efﬁcient in utilizing the UV light, its overall solar
activity was very limited. Furthermore, the photocatalytic activity
depended on the amount of photo-exciting electrons and holes on
the surface of the TiO2 for the reaction. However, its photo quantum
yield value was very low due to easily recombination of photo-
exciting electron-hole pairs. Hence, it was highly desirable to
develop TiO2 with high catalytic activity under the visible light.
During the past few decades, tremendous effort has been
devoted to the rational design of the better optical absorption oflxsw@sina.cn (W. Shi).
B.V. This is an open access article uTiO2 under visible-light region through the dopant of metal or non-
metal. For instance, V doped TiO2 photocatalyst prepared by the
Klodek et al. exhibited excellent photocatalytic activity for photo-
oxidation of ethanol [11]. Di Paola et al. reported that the transition
metal doped TiO2 samples have an effect on the photocatalytic
degradation of organic compounds [12]. Meng et al. declared that N
and transition metal co-doped TiO2 exhibited superior photo-
catalytic activity under visible light. And they also pointed out the
relationship between electronic structure and optical properties
[13]. Ohno and Umebayashi et al. reported that S doped TiO2 could
improve the photocatalytic activity under visible-light irradiation
[14e16]. Asahi and Maeda et al. prepared N doped TiO2 ﬁlms and
found that they exhibit excellent photocatalytic activity under
visible-light irradiation [17,18]. Indeed, the light absorption edge of
the doped TiO2 could be extended to the long wavelength range
(mostly visible light range) with the help of these strategies. Un-
fortunately, the variable experimental conditions and sample
preparation methods led to difﬁcultly understanding their intrinsic
activation mechanism. Luckily, the simulation method could well
overcome the complexity of the experimental conditions and help
us to analyze the microscopic information of electronic structure of
the doped TiO2, and understand the detailed effect of different
doped elements and doped positions on the photocatalytic activity
of TiO2.
First-principles method provided a powerful tool to capturender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Models of TiO2 (a) top view, (b) side view, La-TiO2 (c) top view, (d) side view, Mn-TiO2 (e) top view, (f) side view, La þMn-TiO2(1) (g) top view, (h) side view, La þMn-TiO2(2)
(i) top view, (j) side view, La þ Mn-TiO2(3) (k) top view, (l) side view.
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vation mechanism of TiO2 under visible light region. Yang et al.
reported that the effect of N concentration on the formation en-
ergies and electronic band structure of N-doped TiO2 has been
investigated on the basis of ﬁrst-principles calculations [19]. And
Yang et al. also studied the photocatalytic activity of S and P doped
TiO2 under visible light from ﬁrst-principles [20]. Weng et al.
investigated the electronic structure and optical properties of the
Co doped anatase TiO2 based on the ﬁrst-principles method [21].
Moreover, we have successfully probed the activation mechanism
of C-N, N-La, and N-transition metal co-doped TiO2 based on the
ﬁrst-principles method in our previous investigations [22e24].
Additionally, Li et al. [25e27]systematically investigated the band
gap engineering of early transition-metal-doped anatase TiO2,
electronic, optical and photocatalytic behavior of Mn, N doped and
co-doped TiO2, and effects of oxygen vacancy on 3d transition-
metal doped anatase TiO2. Nowadays, more and more researchers
payed attention to photo-activation mechanism of the anion or
cation or anion and cation doped TiO2 [28e30]. Lin et al. studied the
photocatalytic performance of Mn and Fe codoped TiO2 ﬁlm [31],
they found that two transition metals codoped TiO2 improved
synergistically the photocatalytic efﬁciency of TiO2. A very limited
number of investigations have considered the combined effect of
using Mn and La as codopants. Also, we found that N-La, N-Mn co-doped TiO2 exhibited excellent optical absorption under visible
light, and La and Mn co-doped TiO2 could improve its optical ab-
sorption under visible light.
Herein, we systematically investigate the electronic structure,
dipole moment, electron localization function (ELF) and optical
properties of La and Mn co-doped TiO2 using GGA þ U ﬁrst-
principles method, and try to probe the photo-activation mecha-
nism of La and Mn co-doped TiO2.
2. Computational method and details
Fig. 1a and b shows the top and side views of TiO2 respectively.
Fig. 1cef shows the top and side views of La or Mn mono-doped
TiO2. Ti atom is replaced by La or Mn atom, the atom fraction is
6.67%. The top and side views of La andMn co-doped TiO2 is plotted
in Fig. 1gel, Ti atoms are replaced by La and Mn atoms, the atom
fraction is 13.3%. La and Mn co-doped TiO2 are marked as La þMn-
TiO2(1), La þMn-TiO2(2), La þMn-TiO2(3) in the work. The pseudo
atomic calculations perform for La 5s25p65d16s24f0, Mn 3d54s2, O
2s22p4, Ti 3s23p63d24s2.
The ﬁrst-principles calculations are performed using the CASTEP
module in Materials Studio 6.0. The energy plane-wave pseudo-
potential total calculation method is carried out for all the calcu-
lations based on the density functional theory. The generalized-
Fig. 2. Band structures of TiO2 (a) GGA method, (b) and (c) GGA þ U method.
Fig. 3. Band structures of (a) and (b) La or (c) and (d) Mn doped TiO2 based on GGA þ U method.
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exchange-correlation functional is performed for all the calcula-
tions [32]. Interaction between the valence electrons and ion core is
substituted by an ultrasoft pseudopotential. A plane-wave cutoff
energy is 350 eV. The Monkhorst-Park scheme K-point grid is set as
4  4  5 for all models. Spin-polarization is performed for all the
structural optimizations. Geometric relaxation is obtained with the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm until the
atomic forces are smaller than 0.03 eV/Å. The convergencethreshold for self-consistent iterations is set as 1  106 eV. After
the equilibrium lattice constants are determined, the volume and
shape of the models remain unchanged. In the geometry optimi-
zation, the energy change, maximum force, maximum stress and
maximum displacement tolerance are set to 1  105 eV/atom,
0.03 eV/Å, 0.05 GPa, and 0.001 Å. In addition, the GGA þ Umethod
is adopted to describe the strong on-site Coulomb repulsion in
order to accurately describe the electronic structures. We have
considered an on-site Coulomb repulsion on the Ti 3d states, and
Fig. 4. Band structures of (a)e(f) La and Mn co-doped TiO2 based on GGA þ U method.
R. Zhang et al. / Computational Condensed Matter 6 (2016) 5e178Mn 3d states using UTi¼ 7.8 eV [33], UMn¼ 9.0 eV [13], and J¼ 1 eV.
Additionally, U¼ 7.5 eV is used to shift the unoccupied La f states to
higher energies. However, because of the localized nature of the f
states, it does not inﬂuence qualitatively the electronic behavior of
the system [34], thus, the effect of the f states of La on the electronic
properties do not be considered in this paper. Mulliken population
analysis is selected to analyze the average net charge. In order to
obtain the accurate results, the crystal structures and atomic co-
ordinates are optimized ﬁrstly under the principle of energy
minimization, and the appropriate cell parameters are obtained.
Subsequently, we calculate the band structure, density of states,
ELF, optical properties of the doped systems based on the GGA þ U
method. After geometrical optimizations, the lattice parameters of
pure anatase TiO2 are as follows, a¼ b¼ 3.7973 Å, c¼ 9.7851 Å. The
calculated results are well in consistent with the experimental
values, a ¼ b ¼ 3.7848 Å, c ¼ 9.5124 Å [35]. It reveals that the
calculation methods are reasonable and the calculation results are
authentic.3. Results
3.1. Band structure
As we known, the band gap values are determined by thevalence band and conduction band, and the impurity states in the
band gaps can reduce the electronic transition energy of specimen.
Based on this view, the band gap of doped TiO2 is well investigated.
For a comparison, the band structure of the undoped TiO2 is plotted
in Fig. 2aec. Fig. 2a shows that the band structure of undoped TiO2
displays a direct band gap about 2.7 eV calculated by the GGA
method. Fig. 2b and c also reveals a direct band gap about 3.34 eV
calculated by the GGA þ U method, which indicates that the band
gap calculated by the GGA þ U method is in consistent with the
experimental value (3.2 eV) [9]. Subsequently, the GGAþUmethod
is carried out to ensure the accuracy of the calculated results. The
band structure of La or Mn doped TiO2, La and Mn co-doped TiO2 is
plotted in Fig. 3 and 4. Fig. 3a and b shows the spin-up/-down band
structure of La doped TiO2, which reveals that the 2p down spin of
O states is conducive to reducing the band gap. The spin-up/down
band structure of Mn doped TiO2 plotted in Fig. 3c and d indicates
that the 3d/2p up spin of Mn and O states is helpful for decreasing
the band gap. And the band gap of Mn doped TiO2 is decreased to
the value of 0.5 eV Fig. 4 displays the spin-up/down band structure
of La and Mn co-doped TiO2. Fig. 4a and b represents the spin-up/
down band structure of La-Mn-TiO2(1). Fig. 4a shows that one
impurity energy level located in the band gap is conducive to
decreasing the band gap. And the Mn 3d states shift downward by
the value of 2.95 eV. There are no impurity energy levels in the
Fig. 5. Total and partial density of states of TiO2 calculated using GGA method.
Fig. 6. (a) and (b) Partial density of states of TiO2, (c) Total de
R. Zhang et al. / Computational Condensed Matter 6 (2016) 5e17 9forbidden band as shown in Fig. 4b. Combining with Fig. 4a and b,
the band gap is decreased to the value of 0.33 eV. The spin-up/down
band structure of La-Mn-TiO2(2) is plotted in Fig. 4c and d. Two
impurity energy levels are found, one lies on the top of the Femi
level, the other one closes to the Femi level, which are helpful for
decreasing the band gap. The band gap is reduced to the value of
less than 0.9 eV Fig. 4e and f shows the spin-up/down band
structure of La-Mn-TiO2(3). It can be seen from Fig. 4e and f that 2p
down spin of O states is observed over the Femi level, and 2p up
spin of O states are found in the band gap.3.2. Density of states
In order to further analyze the composition of valence band (VB)
and conduction band (CB) and well understand the changes of the
electronic structures, the total density of states (TDOS) and partial
density of states (PDOS) of TiO2 calculated by the GGA method is
shown in Fig. 5. The VB mainly consists of Ti 3d, O 2s, and O 2p
states. O 2p and Ti 3d states are major composition for the VB. For
comparison, the TDOS and PDOS of TiO2 (Fig. 6) are calculated by
the GGA þUmethod. The VB also mainly consists of Ti 3d, O 2s and
O 2p states. The CB also consists of O 2p and Ti 3d states. Inter-
estingly, the Ti 3d states move up from 3.5 eV to 3.8 eV and the O 2p
states shift from 0.6 eV to 0.8 eV compared to Fig. 5. Fig. 7 dis-
plays the TDOS (Fig. 7a) and PDOS (Fig. 7bee) of La doped TiO2
calculated by the GGA þ U method. Fig. 7bee shows that the VB is
comprised of La 5p, La 5d, O 2s, O 2p, Ti 3s and Ti 3d states, the CB
mainly consists of Ti 3d state. Fig. 7c and e displays the PDOS of O
atoms (O near La/Ti atom). Fig. 7c shows the PDOS of 2p/2s up and
down spin of O states that exhibits the symmetrical distribution.
Some La 5d states sufﬁciently disperse within the O 2p states
indicating the covalent property of the LaO bond. The PDOS of La
5d states displays the symmetrical distribution leading to the samensity of states of TiO2 calculated using GGA þ U method.
Fig. 7. Total and partial density of states of La doped TiO2 calculated using GGA þ U method.
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doped La almost does not impact on the location of the O 2p and Ti
3d states [33]. However, the PDOS of 2p/2s up and down spin of O
states obviously exhibits the variable distribution as shown in
Fig. 7e. The TDOS and PDOS of Mn doped TiO2 is plotted in Fig. 8.
Fig. 8a shows that the upper valence band is dominantly composed
of O 2p states, Ti 3d states, Mn 3d states. Additionally, Fig. 8b il-
lustrates that the spin-up orbitals of Mn 3d states are obviously
stronger than those of spin-down ones. The similar phenomenon is
also observed in Fig. 8c and d, which reveals that the doped Mn has
an effect on the distribution of O 2p (O near Mn atom) and Ti 3d
states. Incorporation of Mn into TiO2 also inﬂuences the location of
O 2p (O near Ti atom) and Ti 3d states as shown in Fig. 8e. According
to the above analysis, we can therefore conclude that the dopedMn
has a signiﬁcant effect on the location of O 2p and Ti 3d states.
Fig. 9a presents the TDOS of La þ Mn-TiO2(1). Fig. 9beg shows the
PDOS of La, O (O near La atom), Mn, O (O near Mn atom), Ti, O (O
near Ti atom). Combining with Fig. 9b and c, the changes of O 2s, O
2p (O near Mn atom), Ti 3s, Ti 3p, Ti 3d, O 2s, O 2p (O near Ti atom)
could be attributed to the incorporation of Mn into TiO2. The TDOS
of La-Mn-TiO2(2) is shown in Fig. 10a. Fig. 10beg displays the PDOSof La, O (O near La atom), Mn, O (O near Mn atom), Ti, O (O near Ti
atom). The location of La states shows the symmetrical distribution
as shown in Fig.10b. The La 5d, Mn 3d and Ti 3d states are plotted in
Fig. 10b, d, and f, as well as the O 2p states that can possibly hy-
bridize with d electrons (Fig. 10c, e, and g). The TDOS (Fig. 11a) and
PDOS (Fig.11beg) are displayed for La-Mn-TiO2(3) calculated by the
GGA þ U method. Fig. 11b shows that the PDOS of La exhibits the
symmetrical distribution. However, the PDOS of O 2s, O 2p of O
atom (O near La atom) shows the different characteristics as shown
in Fig. 11c. The PDOS of Mn, O (O near Mn atom), Ti, O (O near Ti
atom) also shows the variable characteristics compared to the PDOS
of La (Fig. 11deg).3.3. Electron localization function
The electron localization function (ELF) analyses are selected to
investigate the evolution of the bonding structure of the doped
systems. ELF is a position-dependent function that the value varies
in the range of 0e1. When ELF¼ 1.0, which corresponds to covalent
bonding. ELF ¼ 0.5 corresponds to electron/gas-like pair probabil-
ity, which is an indication of metallic bonding. And for ELF <0.5, the
Fig. 8. Total and partial density of states of Mn doped TiO2 calculated using GGA þ U method.
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atoms do not interact with anything in the unit cell. The ELF plots of
the TiO2 and doped TiO2 are appeared in Fig. 12. Compared with
Fig. 12a and b, the decrease of ELF is observed. For La doped TiO2
(Fig. 12c), the covalent bonding is clearly visible in locations where
ELF ~0.9 between the La and O atoms. Fig. 12d shows the ELF plots
of Mn doped TiO2. The absence of any type of chemical bonding
(covalent, metallic or ionic) is apparent near the Mn atom where
ELF ~ 0. For La-Mn-TiO2(1) (Fig. 12e and f), La exhibits a covalent
character in locations where ELF ~0.9. Mn displays the absence of
any type of chemical bonding. Fig. 12g shows the ELF plots of La-
Mn-TiO2(2). La also reveals a covalent character in locations where
ELF ~0.9. The value of ELF is about zero near the Mn atom, indi-
cating the absence of any type of chemical bonding. Fig. 12h shows
the ELF plots of La-Mn-TiO2(3). Both La andMn exhibits the absence
of any type of chemical bonding in locations where ELF ~0.3.4. Diploe moment
The optical properties of a semiconductor are mostly decided by
its electronic structures. The changes of bond length and atomic
charge lead to the center of gravity of negative charges deviating
from the position of Ti4þ ion in TiO6 octahedron. And then the
dipole moment would be non-zero. In our previous investigations
[22,23], we successfully probe the relationship between the dipole
moment and optical properties of C-N-doped and N-La-doped
anatase TiO2, which would help us to well improve the visible-light
absorption of the anatase TiO2. The calculated TiO6 dipole moment
is obtained by the dipole moment formula (m ¼ qr, where q is the
net charge, and r is the distance between the center of O and Ti
atom) [39]. The calculated results are listed in Table 1.
Fig. 9. Total and partial density of states of La þ Mn-TiO2(1) calculated using GGA þ U method.
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We also evaluate the optical absorption spectra for the TiO2 and
doped TiO2. The calculated optical absorption spectra are shown in
Fig. 13. Obviously, either GGA or GGA þ U method is used tosimulate the optical properties of TiO2, it absorbs mainly UV light
and a veryweak absorption in the visible-light region is observed in
Fig. 13, which is in consistent with the Ref. [22,40]. During intro-
ducing dopants, the absorption edges extend beyond the UV light
regime. For La, Mn mono-doped or La and Mn co-doped TiO2, the
Fig. 10. Total and partial density of states of La-Mn-TiO2(2) calculated using GGA þ U method.
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controlled by the electronic transitions between O 2p states and Ti
3d states [13]. Therefore, the spectra are nearly identical in this
wavelength range. In contrast, the optical properties in the wave-
length range of more than 400 nm are different, which are affectedby the transitions involving the impurity states. Clearly, the anatase
TiO2 is visible-light responsive upon La and Mn co-doping, and the
absorption strength in the visible spectrum and even in the infrared
range is improved when the La and Mn atoms replace Ti atoms.
Combining with Fig. 13 and Table 1, we can therefore conclude that
Fig. 11. Total and partial density of states of La-Mn-TiO2(3) calculated using GGA þ U method.
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optical absorption coefﬁcient under visible-light region for La and
Mn co-doped TiO2.4. Discussion
Three principal results pertaining to the optical properties of
doped anatase TiO2 have arisen from the observations investigated
Fig. 12. Electron localization function of (a) TiO2, (b) TiO2 þ U, (c) La doped TiO2, (d) Mn doped TiO2, (e) and (f) La-Mn-TiO2(1), (g) La-Mn-TiO2(2), (h) La-Mn-TiO2(3) based on
GGA þ U method.
Table 1
The average bond length, net charges, dipole moment of deﬁcient cation doped TiO2 after geometry optimization.
Samples Bond length(Å) Net charge (eV) Dipole moment (D)
TiO LaO MnO Ti O La Mn
TiO2 2.079 e e 1.33 0.67 e e 1.384
TiO2 þ U 2.011 e e 1.47 0.73 e e 1.488
La-TiO2 1.983 2.400 e 1.33 0.73 2.8 e 1.189
Mn-TiO2 1.984 e 2.106 1.47 0.72 e 2.35 1.488
La-Mn-TiO2(1) 1.972 2.325 2.182 1.37 0.71 2.62 1.09 1.301
La-Mn-TiO2(2) 2.007 2.408 2.098 1.32 0.62 2.72 1.04 1.405
La-Mn-TiO2(3) 2.094 2.504 2.365 1.37 0.63 2.37 1.07 1.549
Fig. 13. The calculated optical properties for the variable samples.
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correspond to the superior optical absorption under visible-light
region. And the second is that the GGA þ U method has a signiﬁ-
cant effect on the distribution of the DOS of the doped anatase TiO2,
and impacts the style of the chemical bond. And the last is that the
optical absorption in the visible-light region of La andMn co-doped
anatase TiO2 is closely related to the doped positions of La and Mn
atoms. The interesting results are well discussed as follows.
Sato et al. reported that the dipole moment of the distortedoctahedral could well promote the charge separation in the initial
process of the photoexcitation and be useful for enhancing the
photocatalytic activity [41]. And Sato et al. also declared that the
dipole moment was beneﬁcial to separation of photoexcited elec-
trons and holes, which were conducive to enhancing the photo-
catalytic activity [42]. Chen et al. reported that the excited electrons
and holes may separate from each other and migrate to the surface
to perform photocatalytic reactions during the photocatalytic pro-
cess. During the electrons and holes separation and migration
processes, some of the excited electrons and holes may recombine
and disappear [10,43e45]. They also declared that the photo-
catalytic activity depended on the amount of working electrons and
holes on the surface of the photocatalyst for the reaction. In this
work, we ﬁnd that the largest dipole moment is not conducive to
improving the optical absorption in the visible-light region, which
may be attributed to the recombination of the excited electrons and
holes leading to the decrease of the amount of working electrons
and holes.
La-Mn-TiO2(3) exhibits the largest dipole moment, but a smaller
optical absorption coefﬁcient in the visible-light region. The DOS of
La-Mn-TiO2(3) plotted in Fig. 11 reveals that the PDOS of O atom
located near La, Mn and Ti atoms shows obviously spin-polarized
phenomenon. Fig. 12 shows that the chemical bond styles be-
tween La, Mn, Ti and O atoms are undeﬁned, O and O atoms
obviously tend to be covalent bonds due to ELF ~ 0.9. Chen et al.
reported that the doped La almost does not impact on the location
of the O 2p and Ti 3d states [33]. Indeed, the La has no effect on the
location of the O 2p and Ti 3d states in this work. Nevertheless, the
doped Mn has a signiﬁcant effect on the location of the O 2p and Ti
3d states, which further impacts the chemical bond styles. In
R. Zhang et al. / Computational Condensed Matter 6 (2016) 5e1716addition, the largest dipole moment generally corresponds to the
large lattice distortion, which would hinder photoactivity [31].
Additionally, Fig. 1gel shows the models of the La and Mn co-
doped anatase TiO2. The dopant of La and Mn atom shows the
different doped positions, corresponding to the variable optical
absorption coefﬁcient as shown in Fig. 13. Generally, the optical
properties are closely related to the band gap of the semiconductor
[46e49]. Indeed, in this work, the smallest band gap corresponds to
the superior optical absorption coefﬁcient in visible-light region.
Wei et al. reported that non-metal and metal element doped SrTiO3
could keep charge balance [50]. And thus the photocatalytic activity
under visible light could be improved to an extensive degree.
However, in this work, the La, Mn atoms could release one more
electron than Ti atom to the TiO2 lattice and may be as a single
donor. The extra electron brought by La and Mn dopant would be
lone pair electrons due to the lack of the unpaired non-metal 2p
electrons. Spontaneously, the charge balance would be hardly
achieved. Combining with Figs. 7 and 8, the introduction of La or
Mn atom leads to the O 2p valence band suffering a further
expansion. La related states have few contributions neither to the
VB nor to the CB because of the ionic interaction between La and
TiO6 [42], while Mn 3d states have some contributions to the CB. O
2p states have some contributions to the VB. Compared to Fig. 6, O
2p states shifts from the VB to CB and Mn 3d states move down-
ward near the Femi level, which leads to the decrease of the band
gap. In Fig. 4a and b, the band gap (0.33 eV) of La-Mn-TiO2(1) could
be calculated by the deviation between O 2p and Mn 3d states.
Fig. 4c and d shows that the band gap is less than 0.9 eV for La-Mn-
TiO2(2). In Fig. 4e and f, the 2p up spin of O states and 2p down spin
of O states are found in the forbidden band. The band gap of La-Mn-
TiO2(3) should be calculated between O 2p and Ti 3d states. The
value of the band gap is 1.75 eV. According to the above discussion,
the charge balance initially tends to be hardly achieved, however,
the charge balance could be obtained in theory by the GGA þ U
method that could impact the distribution of the DOS of La and Mn
co-doped TiO2. Indeed, the doped positions of La and Mn atoms
have a signiﬁcant effect on the electronic structures of La and Mn
co-doped anatase TiO2 as shown in Figs. 9e11. Then the variable
electronic structures could impact the value of the band gap. As a
result, the optical absorption coefﬁcient under visible light can be
improved to an extensive degree due to a low band gap value and
the theoretical charge balance.5. Conclusions
The electronic and optical properties of La/Mnmono-doped, and
La-Mn-doped anatase TiO2 have been investigated by means of
GGA þ U ﬁrst-principles calculations. The results indicate that the
optimal doping model is La-Mn-TiO2(1) that possesses energetic
and high optical absorption coefﬁcient under visible light. For this
two cations co-doped TiO2 system, the La related states have few
contributions neither to the VB nor to the CB, however, the Mn and
O related states exhibit more contributions to the VB and CB.
Additionally, the doped positions of La and Mn atoms are closely
related to the optical absorption coefﬁcient under visible light due
to inﬂuence of the distribution of Mn and O related states in the
band gap. This work opens a new way to improve the optical ab-
sorption coefﬁcient under visible light.Author contribution
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